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Abstract

Let G = (V,E) be a simple and connected
graph. The graph coloring problem on G is to color
the vertices of G such that the colors of any two ad-
jacent vertices are different and the number of used
colors is as small as possible. By assigning a pos-
itive integer to a color, the sum coloring problem
asks the minimum sum of the coloring numbers as-
signed for all vertices. In this paper, we introduce
a new coloring problem called the distinguishable
sum coloring problem. In this problem, one ad-
ditional condition is required, i.e., all the vertices
in the closed neighborhood of any vertex must be
colored in different colors. We propose a dynamic
programming algorithm for solving the distinguish-
able sum coloring problem on trees. The time com-
plezity of this algorithm is O(n x A(T)? x A(T)!),
where T is a tree, n = |V|, and A(T) is the maz-
imum degree of T. Also, we oblain a recurrence
relation for this problem on full k-ary trees. Note
that if A(T) is constant, then our algorithm runs
in O(n) time.

1 Introduction

Let G = (V,E) be a simple and connected
graph. Let N(v) = {u | (u,v) € E} be the open
neighborhood of v and N[v] = N(v) U {v} be the
closed neighborhood of v. The degree of a vertex
v is denoted by deg(v) which is equal to |N(v)].
The maximum degree of a graph G is denoted by
A(G).

A coloring on G is a function f on V mapping
to {1,2,...,k} such that for any two adjacent ver-
tices u and v, t.e., (u,v) € E, f(u) # f(v). A col-
oring using at most k colors is called a k-coloring.
The Graph Coloring Problem (GCP for shot)
on G is to find a coloring function f such that k is
minimum. The k is called the chromatic number
of G and is denoted as x(G).

GCP is a classic NP-Hard problem [6] and
has many applications such as scheduling [11],
timetabling [14], frequency assignment [16],
printed circuit testing [5], register allocation [17],
communication networks [18] and bag rationaliza-
tion [7]. On the other hand, current algorithms
can only solve small random graphs, with up to
80 vertices [3]. However, today’s applications usu-
ally need more than hundreds or thousands of ver-
tices. Therefore, some heuristic and metaheuristic
algorithms have been proposed [12, 15].

The Minimum Sum Coloring Problem
(MSCP for short) on G is to find a coloring func-

tion f such that > f(v) is minimum. This mini-
veV
mum sum of colors is called the chromatic sum of

G and is denoted by > (G). The number of colors
needed in > (G) is called the strength of G. It
seems that y(G) colors are sufficient for the MSCP.
However, it has been proved that the strength of
a graph G sometimes needs more than x(G) col-
ors. Figure 1 uses x(G) colors to color a tree with

> f(v) = 12. However, Figure 2 uses extra 1

veV

color to color the same tree with ) f(v) = 11.
veV

Figure 1: Coloring a
tree with sum 12 using
2 colors.

Figure 2: Coloring the
same tree with sum 11
using 1 extra color.

The research of the MSCP is started from Ku-
bicka in 1989 [8]. Kubicka proved that the MSCP
was NP-complete and gave a polynomial time al-
gorithm on trees. Kroon [10] proved the NP-
hardness of MSCP on interval graphs and gave
a linear time algorithm for trees. Jansen showed
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that the MSCP for cographs can be solved in
O(|V| + |E]) time and the partial k-trees can be
solved in O(|V|log"** [V]) time. He also proved
that this problem on bipartite graphs and permu-
tation graphs was NP-complete. In addition, he
also proved that the MSCP problem can be solved
for cobipartite graphs in polynomial time. Be-
sides, several heuristic algorithms have been pro-
posed [1,2,4,9, 13, 19]. A distinguishable coloring
on G is a function f on V mapping to {1,2,...,k}
such that |{f(u) | v € N[v]}| = |N[v]| for each
v € V. It means that any vertex and all its neigh-
bors must be colored different from each other.
The Distinguishable Sum Coloring Problem
(DSCP for short) on G is to find a distinguish-

able coloring function f such that > f(v) is min-
veV
imum.

2 An algorithm for trees

In this section, we propose an algorithm to solve
the DSCP on trees. We define the T% to be a
rooted full k-ary tree with depth d. If k£ = 2, then

it is a full binary tree. Let sum(T) = > f(v).
veV

It is easy to check that sum(TF) = 1 and
sum(TF) = WM For the solution of TF, it
can be considered as a star graph with k+1 nodes.
So, we need the colors from 1 to k+ 1. It can also
be considered as the root colored 1 with the sec-
ond best of T¥ + 1, the third best of T} +2,...,
and so on. Note that all vertices can be exchanged
with each other.

For T¥ tree, we can decompose it into k TF
trees. By a similar argument, we can obtain that
the sum(T¥) is k x sum(TF) + (k +2). This is
shown in Figure3. Note that every root vertex of
TF has a different color among these k T} trees.

(k+2)
0000

Figure 3: A solution for T%.

cated. At first, we obtain a relation between the
root color and the total sum as shown in Table 1.

Table 1: The relationship between the root value
and the total sum of the tree.

root | --- -2 -1 x +1

+k

sum | -+ +(2k—2) +(k—1) 0 +1

+k

Therefore, for the solution of T, the root can
be colored with 1 and the remaining parts are T4,
TE +1, ..., T& + (k—1). Note that Tf + (k—1)
also can be changed into T4 — 1, but sometime
TJK — 1 is not a good choice.

Figure 4: A solution of thee T%.

Similarly, the solution of T is that the root can
be colored 1 and the remaining parts are T + 1,
TK +2, ..., TK 4+ k. Note that the root and the
level-1 vertices can be exchanged with each other.

kI

Figure 5: A solution of tree Ty.

Any T¥ tree can be decomposed into a set of
Tf_l trees by using the method mentioned above.
Hence, the solution of a full k-ary tree, sum(T¥),
has the following possible cases.

1 d=0

kx sum(TE )+ 520U 41 ¢>0andd mod3=0
kxsum(Tgf_l)erJrl d>0andd mod3=1
kx sum(TY )+ (k +2) d>0andd mod3 =2

By a similar argument, we can solve the prob-
lem on T¥. In this case, it is a little bit compli-
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In the following, we propose a dynamic pro-
gramming algorithm to solve the DSCP on general
trees. By considering the input tree as a rooted
tree, our algorithm works from bottom (leaves) to
top (the root) to compute an optimal solution.

We first consider a leaf node v. Assume its par-
ent is u. The initial value of v is easy since the
maximum value of v is |N[u]|. For any internal
vertex, we compute the minimum sum of its child
vertices. Therefore, we must compute all the pos-
sible combinations from each vertex. For each in-
ternal vertex v, we must compute deg(v)? times.
Not only this vertex but also its parent vertex will
influence the values of its child vertices. For ex-
ample, in Figure 6, the table for the internal ver-
tex v stores all the possible combinations for v
and its parent. For example, the pair (3,4) means
that v is colored with 3 and its parent is colored
with 4. In this case, the child vertices cannot use
the values 3 and 4. The minimum of this pair is
sum({1,2,5}) = 8.

3120 | 3 e 1D

a9 12 11 10 9
& X 8 10 9 8
S X X 7 - 7
4 X X X 6 8
g X X X X 8

Figure 6: An example of the table for an internal
vertex v.

If the child vertices are not leaves, then we must
look for every child vertex’s table. Consider Figure
7 as another example. The value of pair (4,3) is
the minimum sum of the combination of v’s child
vertices with their tables. Due to the value of v is
4, we must look for row 4. If A’s value is 1, then
we look for the pair (1,4) of the table of vertex A.
Note that if A’s value is more than 5, then we look
for the pair (4,4).

The following is the detail of our algorithm (Al-
gorithm 1). We assume that we have enough in-
formation about the tree, i.e., each vertex knows
all of its child vertices and its parent vertex. Also
all the leaf vertices are considered that they have
been computed in advance.

Figure 7: Another example for computing the ta-
ble for an internal vertex.

Algorithm 2
Data: A tree T = (V, E)
Result: An optimal solution for DSCP on
tree T
Let the root of T be r;
Create an empty stack S, and push r into
S
while S is not empty do
Pop one node v from S,
if the table of each v’s child vertex is

computed then
Computed the the table of v by

trying all possibilities;
else
Push v back to S;
Push each child of v into S;

r;turn the best value stored in the table
of r;

Clearly, n vertices need O(n). Each internal
vertex needs to compute A(G)? times and each
time has A(G)! combinations. Thus, the time
complexity of this algorithm is O(n x A(G)? x
A(G)!). If A(G) is constant, then our algorithm
runs in O(n) time.

3 Conclusion

In this paper, we propose a new coloring prob-
lem, namely, the distinguishable sum coloring
problem. We propose a recurrence relation for
solving the distinguishable sum coloring problem
on full k-ary trees. Finally, we propose a dy-
namic programming algorithm on trees for the
distinguishable sum coloring problem in time of
O(n x A(G)?* x A(G)!). If A(G) is constant, then
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it runs in O(n) time. Is it possible to design a fully
polynomial time algorithm for the distinguishable
sum coloring problem on trees? It will be a future
work.
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